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Development of a neutron imaging diagnostic for inertial confinement
fusion experiments
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Pinhole imaging of the neutron production in laser-driven inertial confinement fusion experiments
can provide important information about the performance of various capsule designs. This requires
the development of systems capable of spatial resolutions on the order of 5mm or less for source
strengths of 1015 and greater. We have initiated a program which will lead to the achievement of
such a system to be employed at the National Ignition Facility~NIF! facility. Calculated neutron
output distributions for various capsule designs will be presented to illustrate the information which
can be gained from neutron imaging and to demonstrate the requirements for a useful system. We
will describe the lines-of-sight available at NIF for neutron imaging and explain how these can be
utilized to reach the required parameters for neutron imaging. We will describe initial development
work to be carried out at the Omega facility and the path which will lead to systems to be
implemented at NIF. Beginning this year, preliminary experiments will be aimed at achieving
resolutions of 30–60mm for direct-drive capsules with neutron outputs of about 1014. The main
thrust of these experiments will be to understand issues related to the fabrication and alignment of
small diameter pinhole systems as well as the problems associated with signal-to-background ratios
at the image plane. Subsequent experiments at Omega will be described. These efforts will be aimed
at achieving resolutions of about 10mm. Proposed developments for new imaging systems as well
as further refinement of pinhole techniques will be presented. ©2001 American Institute of
Physics.@DOI: 10.1063/1.1329883#
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I. INTRODUCTION

Neutron imaging has proven possible on laser driven
plosions, first on the Nova laser,1 then on Gekko XII,2 and on
Phebus.3 We are undertaking a program to develop neut
imaging as a diagnostic for capsule performance on the
tional Ignition Facility ~NIF!, by first fielding an instrumen
on the Omega laser. Simulations of capsule burns at
drive conditions indicate that the neutron producing~reac-
tion! regions can show a variety of shapes which are rela
to drive conditions and capsule performance. Figure 1 ill
trates the changes in image size and shape with drive co
tions for high yield NIF capsules in four cases. These sim
lated neutron images are postprocessed from t
dimensional ~2D! Lasnex4 radiation hydrodynamic
simulations integrating the laser-driven hohlraum and c
sule using a Monte Carlo neutron transport code by loca
a pinhole and a detector at 20 cm and 20 m from the sou
respectively. For clarity here the detector resolution w
simulated as 1mm. Figures 1~a! and 1~c! simulate a copper-
doped beryllium capsule driven with a peak radiation te
perature of 330 eV.5 Figures 1~b! and 1~d! simulate the
L1000 capsule implosions on the laser megajoule.6 Figure

a!Electronic mail: glmorgan@lanl.gov
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1~b! shows the L1000 imploded nearly symmetrically in
laser hohlraum and producing its full yield of 5.231018 neu-
trons ~14.5 MJ!. Figure 1~a! shows the Be330 driven with a
pole-hot asymmetry which separates the image into
lobes along the hohlraum axis while still producing full yie
~6.031018 neutrons, or 16.9 MJ!. Figure 1~c! is the image of
a Be330 which failed to ignite, giving only 1.431017 neu-
trons ~400 kJ! due to an improper laser pulse time histor
There is also created a P4 asymmetry. Figure 1~d! shows a
failing L1000 capsule~3.231015 neutrons or 9 kJ! driven
with the proper pulse shape, but an asymmetry due to la
beam pointing. It too has a double lobed structure along
hohlraum axis. The goal of neutron imaging is to provide t
size and shape of the neutron-emitting region to help di
nose the cause of capsule failures.

The usefulness of the neutron imaging data is stron
related to the spatial resolution that one can achieve. Figu
shows a simulated image of a failing capsule for resolutio
of 1, 5, and 10mm. From this one concludes that resolutio
of better than 5mm are needed to begin to resolve structu
in such low yield and compact implosions.

As will be described in this report, resolutions of 5mm
or less appear to be achievable. For lower yields~down to
;1010! resolutions of at least 20mm seem feasible with
© 2001 American Institute of Physics
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penumbral apertures. We are currently addressing thos
sues which are crucial to the successful development of th
systems using direct-drive capsules at the Omega l
~Laboratory for Laser Energetics, University of Rocheste!.

II. NIF CONFIGURATIONS

One of the main constraints in the neutron imaging s
tems considered here is the need for high magnification
a long line of sight. Elements of proposed neutron detec
are at best 300–500mm diameter. For example to achieve
resolution of 5mm ~two resolution elements! requires a mag-
nification of ; 200. The location of the detector is the
determined by the distance of the neutron imaging assem
~pinhole or penumbral! from the target. Debris and x ray
from a target explosion may require a minimum assem
standoff distance of;10–20 cm. Fortunately, such assem
blies are ruggedly built. They are massive, typically made
tungsten, and can tolerate thick aperture covers. A NIF cr
genic target system~which is not yet designed! will probably
be compatible with a;10 cm standoff; the Omega cryogen
system standoff is 5.2 cm. If the center of a pinhole assem
were located 20 cm from the target, then the detector wo
be located 24–40 m from the source along a very long li
of-sight ~LOS!.

There are two LOS at NIF which are appropriate f
neutron imaging in the equatorial plane of cylindrical ho
raums where expected 2D asymmetries could be viewed
mal to their axis. The NIF port labeled NCAM-3 has a cle
LOS out to 40 m and beyond, but would require a mod
building to house the detector system. This port provides

FIG. 1. Simulations show the variety of neutron image sizes and shape
to asymmetry or improper pulse shaping.

FIG. 2. Image of a failing capsule~;1023 full yield! shows asymmetry at
10 mm resolution but higher resolution is informative.
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longest line-of-sight for high resolutions. Port P90-45, whi
is opposite to the NCAM-2 port, is perpendicular to the fi
cluster horizontal hohlraum axis and its LOS could be e
tended out to 24 m, just inside the laser bay.

A key property of these ports is that the lines-of-sig
extend out beyond the target bay shield wall. This is essen
to eliminate backgrounds due to scattered neutrons an
neutron-induced gamma rays in the target bay. A prospec
system would consist of a 4mm resolution pinhole centere
20 cm from the target. A detector such as that describe
Ref. 7 with a measured efficiency of 27%, but consisting
0.5 mm diameter plastic scintillator elements and located
m from the target would allow observation of an image fro
a failing capsule~;531015 neutrons! utilizing about 4
3104 interacting neutrons. Based on the small expected
@; 40 mm diam, cf. Figs. 1~d! and 2#, the image would have
roughly 100 resolution elements with an average of 400
tected neutrons per element. The pinhole assembly woul
built of tungsten 15–25 cm long with a double taper of abo
0.01° half angle and zero diameter at the confluence of
two tapers. Its full field of view would be; 70 mm. The
details of how such a pinhole would be fabricated are
scribed in more detail in a following section.

Moderate yield NIF experiments could be imaged w
20 mm resolution. Yields of 1010– 1012 neutrons would re-
quire penumbral-imaging systems rather than pinhole s
tems. Such an imaging system could be fielded using
shorter line-of-sight available through Port P90-45. A pe
umbral imaging system7 has been used previously on th
Phebus laser with 56mm resolution and a sensitivity limit o
43108 neutrons. Comparing to the results from Phebus
penumbral system giving 20mm resolution might have a 174
mm radius aperture located 12.5 cm from the source an
detector at 19 m. The sensitivity limit would be;531011

neutrons. Image intensifiers would be used in either sys
between the scintillator and camera, both for gain and
time gating to suppress backgrounds.

III. OMEGA EXPERIMENTS

High yield direct-drive targets at the Omega facility pr
vide an opportunity to test neutron pinhole imaging tec
niques relevant to NIF. This is currently being pursued b
collaboration between LANL and the CEA. Yields from d
rect drive capsules can be as high as 1.2531014. Figure 3
illustrates calculated radial profiles for two different yield
near 1014 from direct drive targets at Omega. The two curv
represent different assumptions about the laser drive on
same 1200mm diameter, 2.5-mm-thick, glass capsule filled
with 20 atm of DT gas. The different profiles represent t
typical uncertainty we currently have in the size of the ne
tron emitting region. A schematic diagram of the Ome
neutron imaging system is illustrated in Fig. 4. The syst
shown here has a magnification of about 50. A first step
the development process will be to use a pinhole with a
mm effective diameter, centered 16 cm from the capsule.
imaging system~using 1.5 mm square elements! developed
by the CEA will be located 8 m from the target and will
produce images from about 23104 detected neutrons pe

ue
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element in the peak. This can then be improved down
about 30mm resolution using a zero diameter pinhole a
smaller~0.5 mm diam! detector elements. The smaller dete
tor has an efficiency of 13% and would produces ima
from about 103 detected neutrons per element in the peak
the image.

Neutron pinholes are less straight forward than optica
x-ray pinholes because of the longer mean free path~mfp! of
neutrons in matter. Elements such as gold or tungsten h
the shortest mfp, which is of the order of 3 cm at 14 Me
Figure 5 illustrates the basic constraints placed on pinh
design by the finite mfp for neutrons. The resolution~effec-
tive pinhole diameter!, image magnification, and field-of
view ~FOV! are inter-related, requiring the pinhole design
be a compromise between resolution and FOV which
within the available geometry and imaging capabilities. T
magnification is given by the expression

M5~dt2d0!/d0;dt /d0 ,

where, as indicated in the figure,dt is the distance from the
source to the detector andd0 is the distance from the sourc
to the smallest aperture~; zero for the higher resolutions! of
the pinhole. The effective radius of the pinhole is determin

FIG. 3. Calculated neutron image profiles for a 1200mm diam, 2.5-mm-
thick glass microballoon filled with 20 atm. DT driven directly by th
Omega laser. The two curves represent the capsule response to dif
absorbed laser energy.

FIG. 4. Schematic diagram of the initial pinhole imaging experiments
Omega giving the primary parameters of the system.
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by the neutron transmission through the central region of
pinhole assembly. For a material with a mean free pathl,
and making the assumption that one is dealing with para
rays, the effective radius can be expressed as

r eff5$2r exp@2t~r !/l#dr%1/2,

wheret(r ) is the path length of pinhole material traversed
a neutron at radiusr, and is given by

t~r !52rd0 /R0 ,

R0 being the radius of the FOV. One can then derive
relation between magnification, field-of-view, and effecti
pinhole radius as follows:

M5A2r eff dt /~R0l!.

The taper angle of the pinhole assembly decreases as
required resolution increases. Thus, if one requires a gi
resolution and field-of-view, this fixes the minimum distan
from the source to the pinhole, and through the magnifi
tion, the distance from the pinhole to the detector. If t
detector elements are large enough to contribute significa
to the resolution at this distance, then an even greater m
nification may be required.

The fabrication and alignment of such small diame
pinholes requires a significant development effort. Los A
mos has considerable experience in the fabrication of n
tron pinholes with diameters as small as 50mm.8 The first
pinhole to be tested at Omega will be constructed from t
halves of tungsten. The inner surface of each half will
plated with gold to use as a working material. A taper
groove will be machined into the gold layer of each half a
the two halves will then be mated to produce the comple
pinhole assembly. This tapered cut will be started at one e
proceed to the center of the assembly with a programed
crease in depth, then proceed to the other end with a
gramed increase in depth. This cut can be performed w
adequate accuracy using diamond tooling. Since, as sh
earlier, the effective radius, and thus resolution of the p
hole is determined by the taper angle of the assembly
pinhole with an effective radius of 2mm requires only a

ent

t

FIG. 5. Conceptual illustration of a pinhole imaging system showing
relation between the key parameters as constrained by the mean free p
neutrons in the pinhole material.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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868 Rev. Sci. Instrum., Vol. 72, No. 1, January 2001 Morgan et al.
different slope of the cutting depth. However, such a pinh
would be located at a larger distance from the source
achieve a particular FOV and this would in turn require
larger distance to the detector. The Omega assembly
have a rectangular cross section 1 cm on a side and a le
of 10 cm. The rear surface of the assembly will be faced
accurately perpendicular to the pinhole axis and finished
make an optical reflector of high quality with a gold flashin

Alignment is clearly one the most difficult aspects
neutron imaging and is currently the main focus of our
forts in developing this technique. Bench tests have b
performed to study alignment techniques. The pinhole
sembly will be mounted on a remotely controlled stage p
viding transverse~x, y! positioning and tilt with 30 nm
resolution.9 Thus, the initial alignment need only be suffi
ciently accurate to insure that the source is within the fie
of-view. One can then adjust the pinhole position and po
ing to center the source. Reference to Figs. 4 and 5 all
one to conclude that for the Omega system, the field-of-v
at the source location is about 200mm in radius and the
half-angle of the pinhole taper is about 1.25 mrad. Thus,
the case where the pinhole axis is accurately parallel to
LOS, a transverse positioning error of 200mm would still
permit the source to be in the edge of the FOV. Likewise
the case where the pinhole is accurately on axis, a poin
error of 1.25 mrad would also permit the source to be se
Obviously, the actual error would be some combination
these two effects, but if each one separately can be
sufficiently small relative to its maximum allowance, the in
tial alignment will be adequate. A mounting tube with inte
nal adjustments for holding the pinhole and an adjusta
mirror on its rear end will be mounted on the positioni
stage in a ‘‘V’’ block with a centering pin. This assemb
can be replaced by a pointer assembly having a 2 mmdiam
ball on its tip and an adjustable mirror on the rear end.

Tests on the bench have been encouraging. Two al
ment telescopes, one with autocollimation capability, w
mounted on an optical bench and accurately adjusted to p
at each other on the same axis. These telescopes then vi
both ends of either the pointer or the pinhole assem
mounted in the V block on the positioner stage. Without
mirror, the pointer was accurately aligned on both ends to
alignment axis using the positioner stage. The pointer w
then replaced by the pinhole holder and the internal adj
ments were used to put both ends of the pinhole accura
on the axis ~to within 20 mm!. The mirrors were then
mounted to the assemblies and adjusted to be perpendi
to the axis using the autocollimator. Tests making seve
exchanges between the pinhole assembly and the pointe
dicated that the assemblies reproduced their front~target
side! positions to within 20mm and their pointing to within
25 mrad.

At Omega we intend to pursue a modification of t
technique developed for the CEA penumbral system, wh
will be fielded first in the same location. An autocollimatin
transit mounted perpendicular to the LOS will be accurat
sighted onto the axis between the target chamber ce
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~TCC! and the imaging scintillator using an alignment ball
TCC and right angle mirrors. The positioner assembly w
the pointer will then be mounted in a ten inch manipula
~TIM ! and inserted to nominal TCC. Using the position
the ball tip of the pointer will then be aligned to TCC usin
the target viewing system. Its pointing will be simulta
neously adjusted to be parallel to the LOS using the auto
limator. We estimate this can be done to about 20mm accu-
racy in position and less than 20mrad in pointing. The TIM
will then be retracted, the pointer replaced by the pinh
holder, and the TIM reinserted. The TIM has been dem
strated to reproduce its positioning to within about 20mm.
At this point the pinhole should be aligned with sufficie
accuracy to obtain an image of the source which can be u
to further refine its alignment. Pinholes with smaller field
of-view can be aligned using an iterative procedure start
with the pointer and progressing from pinholes with larger
smaller fields-of-view.

Initial experiments will be conducted with a penumbr
system in June of 2000 and with a pinhole system in S
tember of 2000. Neutron yields of about 1014 will be em-
ployed and detailed comparisons between the images
tained with the two different approaches will be made. T
comparison will allow us to evaluate the compatibility of th
NIF systems for achieving consistent results over a w
range of yields and spatial resolutions.

It may be possible to push the resolution of a pinho
imaging system at the Omega facility down to 10–15mm.
This would be based on the verification of alignment tec
niques at the larger resolutions and a better understandin
signal to background ratios~relative to calculated estimates!.
A possible way to improve resolution by increasing the d
tector distance and thus magnification~for a given effective
pinhole diameter and FOV size! would be move the image
below floor level. This would also provide a configuratio
more closely resembling that anticipated at NIF, with a c
responding suppression of backgrounds.

For future work, an improved imaging detector und
development at the CEA and consisting of 0.5 mm eleme
of deuterated scintillator will significantly decrease the co
tribution of the detector to the overall system resolution. L
Alamos will also explore the fabrication of imaging sli
rather than pinholes in order to achieve even higher res
tions in one dimension while maintaining usable sign
levels.

1D. Ress, R. A. Lerche, R. J. Ellis, S. M. Lane, and K. A. Nugent, Scie
241, 956 ~1988!.

2N. Miyanagaet al., Rev. Sci. Instrum.61, 3230~1990!.
3J. P. Garconnet, O. Delage, D. Schirmann, A. Bertin, G. Grenier, B. G
part, and A. Rouyer, Laser Part. Beams12, 563 ~1994!.

4G. A. Zimmerman and W. L. Kruer, Comments Plasma Phys. Cont
Fusion2, 51 ~1975!.

5W. J. Krauseret al., Phys. Plasmas3, 2084~1996!.
6P. A. Holsteinet al., Laser Part. Beams17, 403 ~1999!.
7O. Delage, J.-P. Garconnet, D. Schirmann, and A. Rouyer, Rev. Sci
strum.66, 1205~1995!.

8S. Armstrong and P. Gobby, Plating Surface Finishing76, 47 ~1989!.
9Model 8071M, New Focus, Inc., Santa Clara, CA.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp


